Three hydrophobic and polyporous electrospun fibrous membranes (EFMs) were prepared by electrospinning methoxy polyethylene glycol-poly(lactide-co-glycolide) (MPEG-PLGA), poly(D,L-lactide-co-glycolide) (PLGA) and poly(D,L-lactide) (PDLLA). The effects of pH and dissolved organic matter (DOM) on triclosan (TCS) sorption by EFMs in aqueous solution were investigated. The results indicated that hydrogen bonding, hydrophobic and pep bonding interactions led to fast adsorption, which governed the adsorption rates of TCS onto EFMs. The maximum sorption capacities of MPEG-PLGA, PLGA and PDLLA reached 130, 93 and 99 mg g À1 , respectively, which were in positive correlation with their pore volumes and influenced by pore filling processes. The solution pH could significantly influence the TCS sorption by EFMs. In acid condition, protonated TCS facilitated their sorption onto EFMs. No obvious sorption was observed in alkaline condition due to repulsive forces between negatively charged EFMs and deprotonated TCS (pKa ¼ 7.9). The presence of DOM inhibited TCS sorption onto EFMs due to competitive adsorption. The results could be due to the occupation of the adsorption sites and the blockage of the pore entrance by DOM.
Introduction
Triclosan (TCS; 5-chloro-2-[2,4-dichlorophenoxy]-phenol), as a commonly used antimicrobial agent and antiseptic agent, has been widely added into a variety of personal care products, including toothpastes, deodorants, shower gels, and shampoo [2] . TCS has not been recognized as a priority substance in last decades due to its low acute toxicity to mammals [28] . Hundreds tons of TCS are released into the environment without treatment every year, and relatively high concentrations of TCS are detected in the environment [40] . Previous study [12] showed that TCS concentrations ranged from 132 to 3073 ng g À1 in the sediment sampling from Valliyar estuary near Arabian Sea. In some wastewater treatment plants, the concentration of TCS in the influents was as high as 2000 mg L À1 [8] . Owing to its relatively high hydrophobicity (log K OW ¼ 4.76), TCS can be easily concentrated in organic tissue and accumulated via food chain [35] . TCS has been detected in human body at a high concentration ascribed to its wide distribution in environment [35] . Unfortunately, TCS is very toxic to some algae species and terrestrial invertebrates [36] , and it could be transformed to more toxic by-products [21] . Therefore, it is of great importance to develop an efficient and safe method to remove TCS from water.
Recent studies focusing on TCS removal have indicated that TCS can be degraded by some types of microbe in soil under aerobic conditions [15] , but was highly resistant to biodegradation in anaerobic conditions [41] . TCS could also be efficiently degraded by photodegradation, ozonation and Fenton oxidation [30] . Nonetheless, some researchers have demonstrated that the degraded intermediates were more toxic than TCS, such as 2,8dichlorodibenzo-dioxin, 4,5-dichloro-[1,1-biphenyl]-2,2-diol and 2,4-dichlorophenol [39] . Therefore, adsorption is considered as an ideal and efficient method to remove TCS from water since it is simple and free from secondary pollution. In recent studies, many types of adsorbent, including soil mineral [25] , organic matter [7, 13] , sediment [17, 43] , and a variety of carbon materials [4] , have been used to remove TCS from water. It has been demonstrated that the adsorption of TCS could be affected by many factors, such as the surface chemistry of adsorbent, the chemical properties of TCS, and aqueous solution chemistry (pH, ionic strength and dissolved organic matter (DOM)). However, the recycle of these adsorbents is difficult because most of them are powder or particle, and this shortcoming restricts their application in industrial wastewater treatment [5, 6] .
Electrospun fibrous membranes (EFMs) are prepared by electrospinning technique, which is an economic and efficient method to produce fibers with diameters ranging from tens of nm to mm [27] . EFMs have many fascinating characteristics such as high porous structure, large surface area to volume ratio and well mechanical properties [9, 11] ). Because of these amazing characteristics, EFMs have been widely applied in medical science [19] , tissue engineering [33] , sensor application [20] and immobilization [5] . Meanwhile, EFMs are used as a novel adsorbent due to their outstanding sorption ability and convenience to be recycled. In recent years, EFMs have been successfully used to adsorb many pollutants such as heavy metal ion [34] , oil [18] , bisphenol A [38] , PAHs [6] and chlorophenol [23, 45] . However, few reports have investigated the sorption of TCS from aqueous solution by EFMs, and the sorption mechanisms of TCS on EFMs have not been fully elucidated.
This study focus on preparation three types of EFMs by electrospinning technique using polymer precursors with different properties and structures, including methoxy polyethylene glycolpoly(lactide-co-glycolide) (MPEG-PLGA), poly(D,L-lactide-co-glycolide) (PLGA) and poly(D,L-lactide) (PDLLA). These polymers were chosen to prepare fibers due to their biodegradability, spinnability and outstanding mechanical properties. The morphology, structure and property of EFMs were investigated. Sorption kinetics, sorption isotherm, role of solution pH and DOM in TCS sorption on EFMs was assessed based on experimental results.
Materials and methods

Materials
MPEG-PLGA, PLGA and PDLLA were purchased from Jinan Daigang Biomaterials Co (China). The molecular weight of each polymer was approximately 100 000 g mol À1 . TCS (purity >96%) was purchased from Tokyo Chemical Industry Shanghai Co (China). Triblock copolymer PEOePPOePEO (F108) was kindly provided by BASF (Germany). Fulvic acid (FA, C 14 H 12 O 8 , CAS: 479-66-3, 99%) was purchased from MYM Biological Technology Co. (China). Methylene dichloride and acetonitrile (HPLC, 99.9%) were supported by J.T. Baker (USA). All other chemicals were analytic grade and used without further purification. All solutions were prepared by highpurity water obtained from a Milli-Q Plus/Millipore purification system. The structural formulas of MEPG-PLGA, PLGA, PDLLA and the typical structural formula of FA based on its CAS number are shown in Fig. S1 . FA stock solution (1 g/L) was prepared by dissolving FA powder in DI water. The concentration of the stock solution, 465 mg/L as carbon, was determined by a total organic carbon analyzer (TOC-L CPH CN200, SHIMADZU, Japan).
Preparation of EFMs
EFMs were prepared by a self-made electrospinning apparatus in our laboratory (Fig. S2 ). The procedure for EFMs preparation was as follows: Firstly, F108 and polymers (PDLLA, PLGA or MPEG-PLGA) were dissolved in methylene dichloride under vigorous stirring to obtain the mixed solution at the F108/polymer/solvent weight ratio of 1/10/90, 1.5/15/85 and 2/20/80, respectively. The mixed solution was then placed in a glass syringe fitted with a needle (inner diameter of 0.5 mm) and connected with a positive terminal of high-voltage power supply (HB-Z503-2AC, China). A voltage of 10 ± 1 kV was applied when electrospinning, and the mixed solution was fed into the needle tip at a rate of 1.5 mL h À1 by a syringe pump (RWD Life Science Company, China). A grounded iron plate wrapped with aluminum foil as collector was placed at a distance of 15 cm from the needle tip. The electrospinning time was usually controlled at 3e5 h to obtain sufficiently thick and integrated EFMs, which were stored in a dryer to remove residual solvent before use. All experiments were carried out at room temperature (25 ± 1 C) and a relative humidity of 60 ± 5%.
Characterization of EFMs
Field emission scanning electron microscope (FESEM S-4800, HITACHI, Japan) was used to characterize the morphology of EFMs. The diameter was calculated from more than 100 fibers randomly selected from 10 SEM images. The polymers were dissolved in methylene dichloride and prepared into cast films to measure the hydrophilicehydrophobic properties of the materials by measuring the contact angles on a contact angle measuring system (OCA20, Dataphysics, Germany). A full-automatic specific surface area analyzer (ASAP 2020, Micromeritics, USA) was used to measure the specific surface area and pore volume of the EFMs.
Sorption experiments
Batch experiments were conducted in a series of 250 mL conical flask containing 100 mL of TCS solution (prepared by diluting acetonitrile stock solution with a concentration of 10 g L À1 in highpurity water) and four pieces of EFMs (2 cm Â 2 cm, total weight 100 ± 2 mg). The conical flask was shaken in an incubator shaker at 150 rounds min À1 and maintained at 25 C. Based on our preliminary experiments, adsorption equilibrium was achieved after 6 h. In the sorption kinetic experiments, 1 mg L À1 of TCS solution at initial pH 6 was used. For studying sorption isotherm, the experiment was carried out at pH of 6 and an initial TCS concentration ranging from 0.1 mg L À1 to 10 mg L À1 . The pH was adjusted using HCl and NaOH. The acetonitrile volume in each solution was controlled to less than 0.1% to avoid cosolvent effect. All experiments were carried out in the dark to avoid TCS photodegradation.
Analytical measurement
At certain time intervals, 1.5 mL of reaction solutions was taken from the conical flask and analyzed by a high performance liquid chromatography (HPLC; Dionex U3000, USA) which was equipped with a C-18 column (4.6 mm Â 250 mm, 5 mm) and an UVeVis detector. The limit of detection (LOD) and limit of quantitation (LOQ) of HPLC for TCS were 3 and 10 mg L À1 , respectively. The injection volume was 50 mL. Acetonitrile (70%) and high-purity water (30%) were used as the mobile phase with flow rate at 1.0 mL min À1 . The sorption amount was calculated according to the following equation:
where q e is the amount of adsorbed TCS (mg g À1 ); C 0 is the initial concentration of TCS (mg L À1 ); C t is the amount of TCS remained in solution (mg L À1 ); V is the volume of solution (L); M is the weight of EFMs (g). Quality assurance and control measurements have been conducted during analysis. Quality assurance was done by analyses of procedural blanks. A procedural blank was run in every batch, and the loss of TCS in blank was less than 5%. To assure the measurement reproducibility of the TCS concentration, all experiments were conducted at least three times. The data points were expressed as mean values with standard deviations. Quality control was done by calibration curves. Before the analysis, the standard samples were run to check column performance. The correlation coefficients (r 2 ) of the TCS calibration curves were all higher than 0.998.
Sorption kinetics and isotherm models
In this study, the pseudo first order (PFOM) and the pseudo second order (PSOM) models were selected to fit the sorption kinetic data, since they can well describe most kinetic processes [26] . Sorption isotherm is necessary to understand the sorbateesorbent interaction as well as the sorption capacity of adsorbents. Therefore, three commonly used isotherm models including Langmuir model (LM), Freundlich model (FM) and Polanyi-Manes models (PMM) were used to fit the isotherm experiment data. The parameter values of all models were calculated through the nonlinear curve fitting analysis. The sorption isotherm and kinetics models are listed in Table 1 .
Results and discussion
Morphology of electrospun fibrous membranes
As shown in Fig. 1 , the SEM images of three EFMs indicate that they are randomly arrayed and being bead-free. Meanwhile, the inserted images of PLGA and PDLLA show that they contain plenty of pores. Although it is difficult to visualize the pores in the image of MPEG-PLGA, the existence of pore volume demonstrates that they had a number of pores. The pores on electrospun fibers may be formed by breath figures in combination with phase separation [3, 37] . Breath figures can be described as follows: when the electrospinning jet is propelled toward the target, the jet is stretched sharply in the electric field. Meanwhile, the solvent evaporates as the superficial area of jet increases rapidly. As a result of evaporative cooling, the surface of the jet cools and water from the air condenses on the surface of the fiber. The water droplets on the surface of fiber leave imprints after drying [16] . In phase separation mechanism, the polymers in the solution distribute heterogeneously under the effect of strong electric field and form polymerrich and polymer-poor regions. After the solvent evaporation, the pores are formed in the polymer-poor region of fibers [32] . Therefore, the formation of pores is affected by ambient humidity, polymer, solvent and electric field.
According to the SEM images, the sizes of three types of EFMs are different (Fig. 1) . The average diameters are 740, 530 and 470 nm for MPEG-PLGA, PLGA, and PDLLA, respectively. This phenomenon might be due to the difference in polymer/solvent weight ratio, which could affect the properties of polymer solutions (such as viscosity, surface tension and electrical conductivity) and finally their different morphology [14, 29] . Fig. 2a shows the sorption kinetics of TCS on three EFMs including MPEG-PLGA, PLGA and PDLLA. The sorption processes 
Sorption kinetics
]; k 2 , the rate constant of the pseudo-second order equation.
q e , equilibrium sorption amount (mg g À1 ). C e , equilibrium solution phase concentration (mg L À1 ). Q 0 , maximum sorption capacity (mg g À1 ). q t , sorption amount at time t (mg g À1 ). were fast in the first 1 h with approximately 90% of TCS being adsorbed. Then sorption processes became slow until equilibriums were reached in 6 h. Although all the sorption processes were time dependent, their kinetic profiles were different. To further investigate the sorption kinetics, PFOM and PSOM were employed in this study to fit the experimental data. As shown in Table S1 , the higher correlation coefficients (r 2 ) of PSOM (0.985 < r 2 < 0.991) demonstrated that PSOM fitted the sorption kinetics data on three EFMs better than those of PFOM (0.944 < r 2 < 0.969). The sorption rate constants (k 2 * ) of TCS on three EFMs followed the order of MPEG-PLGA < PLGA < PDLLA, which showed a positive relationship with their contact angles (Fig. 1) . These results proved that the hydrophilicehydrophobic properties of the polymers played an important role in the earlier stage of the sorption processes. At the beginning of the reaction, TCS molecules in bulk solution move quickly to the external surface of EFMs through the hydraulic turbulence. Then, TCS molecules were adsorbed on hydrophobic sites of EFMs through the hydrophobic interactions. The good fitting of PSOM indicated that the chemical interactions were probably involved in the sorption processes [42] . It is necessary to confirm the chemical structure of EFMs to investigate the chemical interactions. To eliminate the possible change of polymers during the electrospinning, Fourier transform infrared spectrometry (FTIR, Nicolet nexus 670, USA) was used to verify the functional group of EFMs. The results in Fig. S3 show the predominant spectral bands are as follows: 2990e2851 cm À1 (CeH stretching), 1751e1749 cm À1 (C]O stretching), 1452e1451 cm À1 (eCH 2 e bending), 1381 cm À1 (eCH 3 bending), 1268e1267 cm À1 (eOeCHRe stretching), 1089e1086 cm À1 (eOeCHRe stretching) and 1000e600 cm À1 (fingerprint region) [46] . These results matched with their structural formulas, indicating that the strong electric field in electrospinning did not change the structure of polymers. According to the results, hydrogen bonding interactions might play an important role in the sorption processes because hydrogen bonds could be formed between phenolic hydroxyl group of TCS acting as hydrogen-bonding donors and carbonyl groups of EFMs. Meanwhile, the pep bonding could be formed between the p electrons in benzene ring of TCS and the p electrons of the carbonyl group on the polymer surface. Therefore, hydrogen bonding and pep bonding interactions were the main chemical interactions attributed to the transfer of TCS molecules from the bulk solution to EFM surface.
Sorption isotherm
Sorption isotherm is important to evaluate the sorption capacity of sorbent for sorbate and understand the sorbateesorbent interaction. FM, LM and PMM were adopted to fit the isotherm data of TCS on EFMs. As shown in Fig. 3 , the adsorptions of TCS on EFMs are not saturated when its concentration is 10 mg L À1 (solubility of TCS in water). To achieve the adsorption saturation capacity, the concentration of TCS was maintained at 10 mg L À1 and the weights of EFMs decreased from 100 mg to 5 mg. As shown in Table 2 , three types of isotherm models can all fit the data well. FM is usually used to investigate intermolecular interactions between sorbates and indicate heterogeneity of adsorption sites [44] . In general, the value of n À1 less than 1 indicates strong adsorption between sorbates, while n À1 equaling to 1 means a linear isotherm and no sorbateesorbate interaction exists [10, 42] . The n À1 values for three models are all less than 1, indicating that TCS adsorptions on three EFMs belong to strong adsorption. Meanwhile, it further demonstrated that pep bonding and hydrogen bonding interactions exist in the sorption processes.
LM is widely used to theoretically evaluate the sorption capacity of sorbent. According to the parameter Q 0 , the maximum sorption capacities of MPEG-PLGA, PLGA and PDLLA can reach 131, 93 and 99 mg g À1 , respectively, which are similar to those of nanotube carbon [4] . Surprisingly, the maximum sorption capacity did not have an obvious relationship with the surface area and contact angle of EFMs, which are usually considered to significantly affect sorption capacity in similar situation [5, 6] . Therefore, it can be deduced that hydrophobic interactions, pep bonding and hydrogen bonding play key roles in the fast sorption processes and determine the sorption rates. The outstanding adsorption abilities of EFMs might be ascribed to pores in fibers since their sorption capacities are in positive correlation with pore volume. TCS is hydrophobic, and pores in EFMs can provide more hydrophobic condition for TCS sorption than water surrounding EFMs. Therefore, there is a trend for TCS to move into the pores rather than adsorb on the surface of EFMs. In order to prove this assumption, PMM was introduced. PolanyieManes model explicitly considers the role of molar volume in sorption capacity, and it can accurately describe the pore filling process if it can fit isotherm data well [22] . The high correlation coefficient (r 2 > 0.995) demonstrated that pore filling existed in gradual sorption processes and influenced the sorption capacities of TCS on EFMs.
Effect of pH on triclosan sorption
In our previous study, the adsorption of pentachlorophenol (PCP) on EFMs was demonstrated to be influenced by pH since the phenolic hydroxyl group on PCP would lose its proton in a relatively alkaline environment [23] . Therefore, it is of great importance to investigate the role of pH in the adsorption of TCS on EFMs due to its similar structure with PCP. As shown in Fig. 2b , the pH value obviously affects the sorption processes. The removal efficiencies at pH 6 reached 96%, 94% and 94% for MPEG-PLGA, PLGA and PDLLA, respectively. However, no obvious adsorptions were observed at pH 10. Removal efficiencies of TCS on all EFMs decreased with high pH. This phenomenon was quite similar to that of PCP. TCS mainly exists in protonated form when the pH of solution is lower than 8.14. On the contrary, deprotonated form TCS predominates in the solution at pH higher than 8.14. Two forms of TCS had different properties. TCS in the deprotonated form carries a negative charge due to the loss of proton. Meanwhile, the carbonyl group on EFMs is negatively charged due to the lone pair electrons. Repulsive forces between the carbonyl groups of EFMs and the deprotonated TCS inhibited their adsorption to EFMs. In contrast, the desorption of TCS from EFMs was quite convenient under alkaline conditions. When the adsorption of TCS reached saturation, EFMs could easily recover their adsorption abilities in an alkaline environment (pH > 8. 14) .
Compared with the sorption processes at pH values of 4 and 6, no obvious difference was observed due to their similar protonated degree [28] . Therefore, the reaction can be efficiently carried out at pH 6, which is similar to the pH conditions for wastewater treatment. Interestingly, the time-dependent removal efficiency presents typical 'S' type when pH is 8 and it is quite different from others. At the initial 1-h reaction with pH close to the pKa of TCS, approximately 50% of TCS was deprotonated leading to slow sorption rates. As the experiment carrying on, CO 2 in the air was gradually dissolved in solution and decrease the solution pH. The solid points means the isotherm data when the concentration is 10 mg L À1 and the weight of EFMs is 100 mg. (at 25 ± 1 C and pH 6 with an initial TCS concentration ranging from 0.1 mg L À1 to 10 mg L À1 and the weight of EFMs ranging from 100 mg to 5 mg).
Table 2
The results of sorption isotherms of TCS on EFMs fitted by Polanyi-Manes model (PMM), Langmuir model (LM) and Freundlich model (FM).
EFMs
PMM LM FM Meanwhile, the proportion of TCS in protonated form increased during this stage, promoting the adsorption rate. At the end of the reaction, the solution pH became constant and the adsorption reached equilibrium.
Effect of DOM on triclosan sorption
DOM is derived from the degradation of plant and animal residues, and it is ubiquitous in natural water. Many studies have demonstrated that the adsorptions of some organic compounds were impacted by DOM [24, 31] . Therefore, it is necessary to understand the effect of DOM on adsorption of TCS from water. In this study, FA was selected as a model DOM. The DOM stock solution prepared by dissolving FA powder in high-purity water was diluted in TCS solution.
As shown in Fig. 2c , the removal efficiencies of TCS by three EFMs are all inhibited by DOM. In order to investigate the effect of DOM on the sorption, PSOM was used to fit the sorption kinetic data of TCS in the presence of DOM. The rate constant was compared with that without DOM. The results in Table S2 shows that the rate constants for the mixture of DOM and TCS were much lower than those of TCS alone, which demonstrates that competitive adsorptions happens in the adsorption processes. According to the typical structural formula of FA, it contains plenty of phenolic hydroxyl groups, which is similar to TCS. Therefore, FA could be easily adsorbed by EFMs. During the adsorption reaction, the EFMs surfaces were partially occupied by DOM and thus few active sites left for TCS. However, the decreased removal efficiencies were more obvious for MPEG-PLGA and PDLLA EFMs, which contained more pores on the surface of their fibers. According to previous discussion, the sorption amounts of TCS on EFMs were determined by the pores in fibers. Therefore, it can be inferred that pore filling processes existed in the reaction of DOM on EFMs. As shown in Fig. 4 , FA might move into the pores, adsorb on their wall, and finally occupy the adsorption sites of TCS. Meanwhile, FA might aggregate and block the entrance of membrane pore [1] . In this condition, many adsorption sites were lost since TCS could not get into the pores and reach the reactive sites. This assumption explained why the sorptions of TCS on the two pore-rich EFMs (MPEG-PLGA and PDLLA EFMs) were more significantly affected by DOM.
The effects of DOM at different concentrations on the sorption of TCS are shown in Fig. 5 . When DOM concentration increased to 20 mg L À1 , removal efficiencies decreased from over 90% to even under 70% due to the competitive adsorption of DOM. Interestingly, as DOM concentration increased, removal efficiencies increased to approximately 80%. This phenomenon was because FA contained carbonyl groups, which could form hydrogen bonds with TCS. Although some adsorption sites on EFMs were occupied by FA, TCS could still be adsorbed onto EFMs by adsorbed FA molecules.
In order to investigate the adsorption capacity of EFMs for TCS in natural aqueous environment, a surface water sample was taken from a river in Beijing, China (39 57 0 41.08 00 N, 116 21 0 14.14 00 E). The surface water sample was used after filtration and their physicochemical properties are shown in Table S3 . Only 5% of TCS was degraded in the dark, indicating that no biodegradation or hydrolysis was observed. As shown in Fig. S4 , the adsorption processes in surface water are similar to those in DOM aqueous solution. The removal efficiencies of TCS on MPEG-PLGA, PLGA and PDLLA in surface water were 60%, 72% and 70%, respectively, indicating competitive adsorption also happened in the surface water sample. Meanwhile, the removal efficiencies for all aqueous solutions were greater than 60%, indicating that EFMs had outstanding adsorption abilities in natural aqueous environment.
Conclusions
Three porous and hydrophobic EFMs, including MEPG-PLGA, PLGA and PDLLA, were successfully prepared by electrospinning and used to adsorb TCS in water. MPEG-PLGA, PLGA and PDLLA EFMs had exhibited excellent sorption capacities for TCS, which were affected by pore filling processes due to the hydrophobic environment providing by pores for TCS. The sorption of TCS on EFMs was significantly affected by pH. In acid environment, TCS in protonated form could be easily adsorbed by EFMs. However, repulsive forces between EFMs and deprotonated TCS prevented their adsorption on EFMs in alkaline environment. Therefore it is convenient to desorb TCS from EFMs in alkaline environment. The presence of DOM could inhibit the sorption of TCS on EFMs with the removal efficiency decreased from over 90% to about 80% due to the competitive adsorption. The decreased sorption could also results from occupying the adsorption sites and blocking the entrance of membrane pores by DOM. In natural aqueous environment, competitive adsorption also existed between DOM and TCS on EFMs, while EFMs still had outstanding adsorption abilities for TCS.
